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This study aimed to evaluate the performance of a horizontal subsurface-flow constructed
wetland system (HSSF-CW) for removing nitrogen compounds from municipal
wastewater in hot, semi-arid conditions in Dezful County, Iran. Four separate, parallel,
pilot-scale units were constructed and operated outdoors. These comprised an unplanted
control unit and units planted with either common reed (Phragmites australis) or vetiver
(Chrysopogon zizanioides), or both. Performance was evaluated at three hydraulic
retention times (HRTS) of 3, 4 and 5 days in terms of the removal of total nitrogen (TN),
ammonium nitrogen (NH, * -N) and nitrate (NO5 ~ -N). Sample analyses were conducted
according to standard APHA methods. The results showed that under the experimental
conditions, the vegetated units exhibited higher TN removal rates than the unplanted
control unit. The highest TN removal (54.32%) was observed in the mixed-planted unit at
an HRT of 5 days. The vetiver-planted unit also showed TN removal of around 49.75%,
indicating performance close to that of the mixed-planted unit. This suggests that vetiver
could be investigated further in future studies. NH, * -N removal ranged from 35.25% to
56.08% across the tested conditions. An increase in the concentration of NO; ~ -N in the
effluent relative to the influent was observed in the treatment units. This is consistent with
the occurrence of partial nitrogen transformation processes, including ammonium
oxidation. However, the specific pathways of these transformations were not investigated
directly. The incomplete TN removal and increased effluent nitrate concentrations suggest
that sustained nitrogen removal requires suitable conditions for the various nitrogen
transformation and retention processes. Overall, the HSSF-CW system reduced part of the
nitrogen load in municipal wastewater in a hot, semi-arid climate. Incomplete TN removal
and increased effluent nitrate concentrations suggest that sustained nitrogen removal
requires suitable conditions for various nitrogen transformation and retention processes.
Overall, the HSSF-CW system reduced part of the nitrogen load in municipal wastewater
under Dezful's hot semi-arid conditions. However, given the descriptive nature of this
study and the absence of independent replication at the treatment level, the definitive
effects of HRT and vegetation on nitrogen removal cannot be determined. Future studies
incorporating replicated experimental designs, hydraulic tracer testing and monitoring of
relevant process variables are required.

Introduction

Horizontal subsurface-flow constructed wetlands
(HSSF-CWs) have gained widespread acceptance
across developing regions and resource-constrained
communities as decentralised, low-maintenance
wastewater ecotechnologies (Stefanakis, 2020; UN-
Habitat, 2008). Although particulate settling and
carbonaceous biochemical oxygen demand (BODs )
degradation are reliable processes in these systems, the
efficiency of total nitrogen (TN) removal remains
notoriously unpredictable and is typically restricted to
modest ranges between 30% and 50% (VVymazal et al,

2021; Lam et al., 2024). Complete nitrogen removal
requires the use of both aerobic and anaerobic
pathways: first, autotrophic nitrification of ammonium
(NH4 * -N) into nitrate (NOsz ~ -N), and then
heterotrophic denitrification, whereby nitrate is
sequentially reduced to inert dinitrogen gas (N, ) in
the presence of biodegradable carbon electron donors
(Tang et al., 2020; Wu et al., 2023).In classic HSSF
configurations characterised by continuous saturated
flow regimes, dissolved oxygen (DO) transfer rates are
strictly limited, generating predominantly anoxic or
reducing conditions (Kadlec and Wallace, 2009). This
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hypoxia hinders complete nitrification unless
emergent macrophytes release sufficient oxygen from
their aerenchymatous root networks into localised
rhizospheric microzones (Kataki et al., 2021).
Conversely, if nitrification does occur, deep beds often
exhaust readily biodegradable organic carbon, leaving
denitrifying consortia carbon-deprived. These Kkinetic
tensions are exacerbated in hot, semi-arid regions such
as southwestern Iran, where high ambient
temperatures accelerate microbial kinetics, but also
promote high evapotranspiration. This process
concentrates non-volatile solutes and alters hydraulic
dynamics (Gholipour, 2025).Although Phragmites
australis has traditionally been the preferred botanical
choice for Mediterranean and Middle Eastern
wetlands, vetiver (Chrysopogon zizanioides) is
emerging as a promising phytoremediation candidate
thanks to its extensive root system, rapid biomass
accumulation and high tolerance of heat and salinity
(Rahman et al., 2020; Swarnakar et al., 2022).
However, rigorous comparative evaluations assessing
monospecific versus polyculture macrophyte beds
under systematic hydraulic retention variations in hot
semi-arid conditions are lacking. This study aims to
quantify the comparative removal of nitrogen species
(total nitrogen, ammonium nitrogen, and nitrate
nitrogen) across control, Phragmites, Chrysopogon,
and polyculture HSSF-CW pilot systems with different
HRTSs. This will identify primary kinetic constraints to
inform the design of full-scale ecological engineering
projects.

Materials and Methods

The experimental setup was conducted outdoors at the
Dezful Municipal Wastewater Treatment Plant in
southwestern Iran (elevation 143 m, Kdppen climate
classification BSh, mean annual temperature 24.4 °C,
summer maximums >50 °C). The pilot infrastructure
consisted of four parallel rectangular masonry beds
(length 7.00 m, width 0.80 m, total depth 0.60 m,
bottom slope 1%). Each bed had an effective treatment
length of 6.00 m and was lined with a 1.0 mm high-
density polyethylene (HDPE) geomembrane. The
geomembrane was bounded by inlet and outlet gravel
manifolds, each 0.50 m long. The substrate profile
comprised three stratified layers: a bottom drainage
layer of coarse washed gravel (diameter 20-40 mm;
hydraulic conductivity K_s = 1500 m/d) with a
thickness of 15 cm; an intermediate distribution layer
of gravel (diameter 8-12 mm; K_s = 600 m/d) with a
thickness of 15 cm; and a top root-zone layer of
washed pea gravel mixed with native sandy loam (K_s
= 8 m/d) with a thickness of 25 cm. The operating
liquid depth was maintained 5 cm below the substrate
surface, resulting in an effective pore volume of
approximately 1.00 m*® (porosity n=0.38).Four
operational configurations were established: an
unplanted control; a Phragmites australis monoculture;

a Chrysopogon zizanioides monoculture; and a 1:1
polyculture bed combining both species at a total
planting density of 25 stems/m2. Following a 30-day
biological ~ acclimatisation  period involving
incrementally concentrated wastewater (25% to
100%), the beds were operated under three descending
nominal hydraulic retention times (HRTSs): Five days
(Q = 0.200 m3/d; HLR = 0.042 m/d), four days (Q =
0.250 m¥/d; HLR = 0.052 m/d) and three days (Q =
0.333 m¥d; HLR = 0.069 m/d).Following a seven-day
stabilisation period after each flow adjustment, grab
samples were collected twice daily for five
consecutive days per hydraulic regime (10 paired
samples per unit per HRT; 150 water samples in total).
Primary-settled municipal effluent was used as the
influent (mean TN: 41.14 + 1.67 mg/L, NH, * -N
30.46 £ 1.77 mg/L, NO3; ~ -N 1.03 + 0.09 mg/L, COD
237.13 £ 23.38 mg/L, DO 0.90 £ 0.17 mg/L and
temperature 33.56 + 2.06 °C). 33.56 + 2.06 °C).
Physicochemical analyses were performed according
to Standard Methods (APHA, 2023): TN was analysed
using alkaline persulfate digestion, NH, * -N using
the phenate spectrophotometric method and NO3 ~ -N
using ultraviolet spectrophotometric  screening.
Removal efficiencies were calculated on a
concentration basis.  Statistical analyses were
performed in R 4.3 to determine central tendencies,
dispersion metrics and temporal coefficients of
variation.

Results and Discussion

The influent nitrogen was dominated by reduced
species, with ammonium accounting for 74.04% of the
total nitrogen (TN), whereas oxidised nitrate
represented only 2.50%. Throughout the experiment,
the presence of wetland vegetation significantly
improved nitrogen attenuation compared to the
unvegetated control. TN removal in the control bed
remained modest, yielding 31.12% + 6.49 at an HRT
of 3 days (effluent: 28.43 mg/L), 31.82% + 6.11 at 4
days (effluent: 27.94 mg/L) and 34.67% + 5.06 at 5
days (effluent: 26.79 mg/L).In planted configurations,
extending the nominal HRT from 3 to 5 days
progressively increased TN reduction. The Phragmites
monoculture achieved total nitrogen (TN) removal
efficiencies of 46.05 + 3.50%, 47.13 + 2.60% and
49.91 + 3.19% across HRTs of 3, 4 and 5 days
respectively (with effluent TN dropping to 20.53 +
0.98 mg/L at 5 days). The Chrysopogon monoculture
exhibited comparable and resilient performance,
achieving removals of 47.63 + 2.61%, 49.15 + 2.80%
and 49.75 £ 3.98% over the same sequence. The
mixed-vegetation system recorded the highest
treatment efficacy across all retention periods: 51.55%
at 3 days, 50.34% at 4 days and 54.32% at 5 days (with
an effluent TN of 18.70 mg/L).
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Ammonium nitrogen reductions followed a similar
trend, with removal efficiencies ranging from 35.25%
to 56.08%. In the unplanted control, NH, * -N
removal efficiencies ranged from 35.25% * 4.85%
(HRT 4 d) to 37.15% * 5.55% (HRT 5 d). The
presence of macrophytes enhanced ammonium
abatement: Phragmites achieved 49.64% to 51.78%
abatement; Chrysopogon achieved 51.42% to 51.74%
abatement; and the polyculture bed yielded peak
abatement of 55.12% + 2.96% (HRT 3 d) and 56.08%
+ 355% (HRT 5 d). The effluent NH, * -N
concentration was 13.09 + 0.48 mg/L.Conversely,
effluent nitrate concentrations increased
systematically across all units compared to influent
levels. In the control group, the effluent nitrate
concentration reached 5.09-5.40 mg/L (net
generation: +4.03 to +4.41 mg/L). Vegetated systems
had slightly lower effluent nitrate accumulations than
the control unit, with discharges of 3.90-4.23 mg/L in
the Phragmites unit, 3.91-4.11 mg/L in the
Chrysopogon unit, and 3.55-3.87 mg/L in the mixed
bed unit (net generation: +2.50 to +2.84 mg/L). The
polyculture unit exhibited the lowest effluent temporal
variability (quantified via the coefficient of variation)
at HRT 5 days (3.69% for TN and 3.67% for NH, * -
N), reflecting higher temporal stability.

Conclusions

The concurrent reduction of NH, " -N and
accumulation of NO3 ~ -N confirm the occurrence of
active biological nitrification within the gravel matrix.
However, as effluent nitrate consistently exceeded
influent levels by a factor of three to five, the depletion
of ammonium primarily reflected internal oxidative
transformation rather than the total elimination of
nitrogen from the wastewater stream (Tang et al.,
2020). Macrophytes played an indispensable role in
promoting this conversion: their extensive rhizomes
provided a physical attachment surface for nitrifying
biofilms, and radial oxygen loss created aerobic
microsites within an otherwise anoxic liquid bulk
(Kataki et al., 2021; Vymazal et al., 2021).The failure
of the systems to achieve complete total nitrogen (TN)
elimination highlights that heterotrophic
denitrification served as the rate-limiting process
across the entire system. Although the influent COD
was around 5.8:1 (based on an initial COD:TN ratio of
237.13 +23.38 mg/L), rapid organic degradation in the
early bed reach likely depleted readily accessible
carbon. This deprived denitrifying consortia of
essential electron donors in downstream anoxic zones.
The superior performance of the mixed-species
wetland  (54.32% TN  removal)  suggests
complementary spatial effects, whereby the extensive
fibrous root system of vetiver, combined with the
hollow rhizomatous matrix of common reed, optimises
redox zoning and moderates nitrate accumulation
(Aalam et al, 2022; Swarnakar et al,

2022).Nonetheless, methodological caveats must be
acknowledged. Firstly, since nominal HRTs were
applied in a sequential, descending order (from 5 to 3
days), the operational hydraulic effects remain
partially confounded with the continuous maturation
of the plant and the accretion of the biofilm (Lam et
al., 2024). Secondly, under hot, semi-arid conditions,
intense surface evapotranspiration concentrates non-
volatile solutes, meaning that concentration-based
metrics are likely to underestimate the true mass-based
removal efficiencies (Kadlec and Wallace, 2009).In
conclusion, although single-stage HSSF-CWs provide
robust secondary treatment when operated in hot semi-
arid climates, they cannot autonomously accomplish
complete nitrogen removal due to redox imbalances
and downstream denitrification carbon bottlenecks. To
address this, future applications should incorporate
artificial intermittent aeration, hybrid wetland
configurations (e.g. vertical flow coupled to horizontal
flow), external solid-phase carbon supplementation
and tracer-verified hydraulic residence time
distributions, in order to decouple the biological and
hydraulic drivers.
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Fig. 1. Design Specifications of the Horizontal Subsurface Flow Constructed Wetland (HSSF-CW) Experimental Setup(Image

generated using OpenAl DALL-E 3, 2024)
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Substrate layer details

[l Top layer (Planting layer)
i Sandy loam soil

Thickness: 25 cm
Particle size: <2 mm

Ks = 8 m/day

25em [ Middle layer (Transition layer)

H Washed sand
Thickness: 15 cm
Particle size: 8-12 mm
Ks = 600 m/day

[ Bottom layer (Drainage layer) -
H Washed coarse gravel )
Thickness: 15 cm

Particle size: 20-40 mm
Ks = 1500 m/day

L 1 mm thick polyethylene geomembrane
(waterproofing of bottom and sides)

Characteristics of the pilot-scale HSSF-CW substrate layers

' Calculation of Weighted Average Porosity (ns,g)

| 2 (b Where:

| "-vn=z;—h n, = Porosity of layer i (-)

| g % B, = Thickness of layer i (cm)
| Mayg = 0.38

| | ~ (mm)

Drainage Layer 15 Washed coarse gravel | 20-40

| Intermediate Layer 15 | Washedgravel 8-12
“ Planting Layer 25 Native sandy soil =

)

|

d10 460 Uniformity mmﬂc Porosity Il

I T T Byl 7~ B J‘l

180 300 167 1500 042 |

70 105 1.50 600 039 |
018 085 472 8 035
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Fig. 2. Schematic representation of HSSF, physical characteristics of filter media (Image generated using OpenAl DALL-E 3,

2024)
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(2022
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Blr oS! clle Sk CBODs 4 (4.80 m2)
() Jg92) el (@ M73) (639,9 (olordion
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Table 1. Hydraulic operating conditions and applied loading rates at different hydraulic retention times (HRTS)

OLR HLR Flow rate, Q Ve HRT
(g m™2day™) (m day™) (m3day™) (m?) (day)
7.01 0.069 0.333 1.00 3
5.26 0.052 0.250 1.00 4
4.21 0.042 0.200 1.00 5

Ot Aumlie (ialo3T (Sloj (St Jdo 42 092y (al L 28,8
oy dmpn Jalse 3bios ol wile loj il slas
2l 50 uizmen o ls B oldgn Esby gty eSSyl
Slosle Lloday 45w Jloel 039, V Garkss 0,90 G al> 5o
ol bt s Slasle 50 x> plp YIYY B V/E Joles
Slo Gloj @i (Foie (275 SpToilal poe com 4 (J>
s3iie O Gargas j S0 Sl o o et o) (RTD)
b S5 Sl Ul JolS (6l e S 5 ey
Kadlec and Wallace, 2009; Vymazal et ) & ,la S

O3 5 e @85 S e alads | 04,9 sladiges (al, 2021
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Table 2. Sampling design for each hydraulic retention time (HRT)

Value

Parameter

3,4,and 5
7 days
5 days
Twice daily (morning and evening)
Grab sampling
Common influent distribution point
Four parallel HSSF-CW units, one unit
per vegetation treatmen experimental units
10
Day x AM/PM x HRT =5x2x3=30
Day x AM/PM x HRT x treatment
=5x2x3x4=120

Hydraulic Retention Times (HRTSs) (days)
Stabilization Period After Each HRT Adjustment
Sampling Duration at Each HRT
Sampling Frequency
Sampling Method
Influent Sampling Point
Effluent Sampling Points

Temporal observations per unit at each HRT
Total Influent Samples
Total Effluent Samples

P Oier b lasild )0 S 4 (pwted g (S
(Saeed and Sun, 2012) o plxil  oxbaws 5 sla VB
ezl Slailial sla iy, elel p o aRibel sle Ul
(APHA, 2023) (Y Jsoz) o0 plosl IS 0] cages oo
6l ol b s 00l SM5220 s, 51 COD (s u5o5ll (sl
abgye 2Ealel olaibinl (slagis, Glle 5 (55
SNS S 0 e e placbale 5 wial (g S ejlll
b ogr oless JUES! 5 6,0 Lalyds dadigpes dan gl o

ey Bl 4 g1 paigas 5l Gy Ol s

los il ool alSiile] (6ol (slais, ads
APHA, 2023; Saeed ) (¥ Jsoz) ob,5 plxil APHA jiee

(and Sun, 2012
Jolo Giars el slagasly s (nl Bus 4 4y L
oo ol ogdle aing Sy 5 cageisel 159y IS O35
irogi sl (EC) (oSl colan s pH < (DO) sl ()5S
o COD ol (g pFojlul alloles slands § Jame Layl,is
sl oS sl e g d9zge JI L a3y (s
EO5 1B w3590 39 Bd> b b pe (s slaan b

Ll o03gr SlaSy G a4 g b by onl Gl

(APHA, 2023 ulul ) oMb oS sl ol e sl 2 EalesT 50T o luilisl sloss, ¥ Jgo

Table 3. Analytical and standard methods employed for the determination of wastewater quality parameters (based on APHA,

2023)
Parameter Symbol Analytical Method Standard Method (APHA)
Total nitrogen TN Alkaline persulfate digestion / UV- 4500-N C
Vis spectrophotometry
Ammonium nitrogen NH,*-N Phenate method / spectrophotometry ~ 4500-NH;~ F
Nitrate nitrogen NO;™-N Ultraviolet spectrophotometric 4500-NO;
screening method
Chemical oxygen demand COD Closed reflux, colorimetric method 5220 D
Dissolved oxygen DO Membrane electrode / electrometric ~ 4500-O~ G
method
Hydrogen ion index pH Electrometric method (glass 4500-H" B
electrode)
Electrical conductivity EC Conductivity cell (Wheatstone 2510B
bridge principle)
Removal Efficiency (%) = C‘;ic" x 100 @) 9 639y <hale sl I NH N TN 6l Gis olewsl,
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Table 4. Physicochemical characteristics of the influent municipal wastewater

Unit CV (%) Min-Max SD + Mean Parameter

mg/L 4.06 37.60-43.40 41.14+1.67 TN
mg/L 5.81 27.40-33.80 30.46£1.77 NH,-N
mg/L 9.07 0.87-1.19 1.03+0.09 NO;™-N
mg/L 9.86 193-294 237.13+23.38 COD
mg/L 6.96 112-144 128.53+ 8.94 TSS
mg/L 19.55 0.62-1.16 0.90+0.17 DO

— 2.72 6.81-7.35 7.06+0.19 pH

°C 6.13 29.7-37.6 33.56+ 2.06 Temperature
uS/cm 3.43 969-1104 1046.37+35.87 EC

« Chrysopogon zizanioides !, .04 o, F4/214 FYNY
el s a4 sy FAVE 5 FANO SFVIPY bl polis
ok b odaline (oS 5 CuiS e )3 polie (i
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Sy 395 HRT=5 5 5o ,0 OFIYY 4 59, HRT=4 o ws s
e @ bgye (295 Oised (OV)Shesd card rieS
ol o0 ¥/FA Jlaie LHRT=5 s (Mixed) .5 5 cs
(Control) wals s 5 olosi ouyiie oS > o

D Jgaz) 595 0 oadlie 0o ,0 457 L HRT=3 o
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Ao 5 NO3™-N s NH, =N TN cdale s O3 g gamme
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FUS2) 05 pald (o) p 090 (ooml wile sla o s
s HRT lpl b oS e bz 2 0 TN G ol

Oleadly (SSlee walls jlad )0 0,5 s ol by jsa>

3 2o, YVAY @ 59, HRT=3 j0 asje YINY 5l Bis
3o .28l il 59, HRT=5 jo as s YE/PY 4 59, HRT=4
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Table 5. TN concentration and removal efficiency under different vegetation types and hydraulic retention times

Vegetation type HRT (d) Influent TN (mg/L) Effluent TN (mg/L) TN removal efficiency (%)
Control 3 41.30+1.48 28.43 £2.69 31.12 £ 6.49
Control 4 41.04 +1.50 2794 £2.22 31.82+6.11
Control 5 41.07 £2.12 26.79+£1.91 34.67 £5.06
P. australis 3 41.30+1.48 22.26+1.21 46.05 + 3.50
P. australis 4 41.04 +£1.50 21.68 +0.91 47.13 £ 2.60
P. australis 5 41.07£2.12 20.53+0.98 4991 +3.19
C. zizanioides 3 41.30+1.48 21.62 +1.06 47.63 £2.61
C. zizanioides 4 41.04 £1.50 20.85+ 1.08 49.15 +2.80
C. zizanioides 5 41.07+£2.12 20.57£0.93 49.75 + 3.98
Mixed (P. + C.) 3 41.30+1.48 19.97 £ 0.86 51.55+3.31
Mixed (P. + C.) 4 41.04 £1.50 20.36 £0.82 50.34 £ 2.59
Mixed (P. + C.) 5 41.07 £2.12 18.70 £ 0.69 54.32 +3.52
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Fig. 3. TN removal efficiency under different vegetation types and hydraulic retention times
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Table 6. NH,*-N removal and NO;™-N change under vegetation type and hydraulic retention time

HRT Effluent NH,*-N NH,*-N removal Effluent NO;™-N ANO3;™-N
Vegetation d) (mg /L) (%) (mg /L) (mg/L)
Control 3 19.90 +£1.89 36.04 +7.56 5.40 £0.51 +4.41 £ 0.53
Control 4 19.56 + 1.55 35.25+4.85 5.31+0.42 +4.29 +0.44
Control 5 18.75+1.34 37.15+5.55 5.09 £ 0.36 +4.03 £0.38
P. australis 3 15.58 £0.85 49.99 + 3.67 4.23+£0.23 +3.24 +0.26
P. australis 4 15.18 £ 0.64 49.64 + 4.06 4,12 +£0.17 +3.09 £ 0.20
P. australis 5 14.37 £0.69 51.78 £4.21 3.90£0.19 +2.85+0.18
C. zizanioides 3 15.13+0.75 51.42 +3.56 411+0.20 +3.11 £0.28
C. zizanioides 4 14.60 £ 0.76 51.64+281 3.96+021 +2.94 £ 0.27
C. zizanioides 5 14.40 £ 0.65 51.74 +3.35 391+0.18 +2.85 £ 0.24
Mixed 3 13.98 £ 0.61 55.12 +2.96 3.80+0.16 +2.80 £0.16
Mixed 4 14.25+0.57 52.72 +3.55 3.87+0.16 +2.84 £0.20
Mixed 5 13.09 £ 0.48 56.08 + 3.55 355+0.13 +2.50 £ 0.16
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